A consensus on the optimal treatment of painful neuromas does not exist. Our objective was to identify available data and to examine the role of surgical technique on outcomes following surgical management of painful neuromas. In accordance with the PRISMA guidelines, we performed a comprehensive literature search to identify studies measuring the efficacy of the surgical treatment of painful neuromas in the extremities (excluding Morton's neuroma and compression neuropathies). Surgical treatments were categorized as excision-only, excision and transposition, excision and cap, excision and repair, or neurolysis and coverage. Data on the proportion of patients with a meaningful reduction in pain were pooled and a random-effects meta-analysis was performed. The effects of confounding, study quality, and publication bias were examined with stratified, meta-regression, and bias analysis. Fiftyfour articles met the inclusion criteria, many with multiple treatment groups. Outcomes reporting varied significantly and few studies controlled for confounding. Overall, surgical treatment of neuroma pain was effective in 77% of patients [95% confidence interval: 73-81]. No significant differences were seen between surgical techniques. Among studies with a mean pain duration greater than 24 months, or median number of operations greater than 2 prior to definitive neuroma pain surgery, excision and transposition or neurolysis and coverage were significantly more likely than other operative techniques to result in a meaningful reduction in pain (P , 0.05). Standardization in the reporting of surgical techniques, outcomes, and confounding factors is needed in future studies to enable providers to make comparisons across disparate techniques in the surgical treatment of neuroma pain.
Introduction
Painful neuromas of the peripheral nerves are psychologically and physically disabling. 36 Painful neuroma usually develops following trauma or surgery, 12, 73, 92 affecting 2% to 60% of patients with a nerve injury. 1, 29, 34 There is no consensus on the optimal treatment of painful neuroma. Consequently, numerous modalities to treat neuroma pain are described, including pharmacologic, psychologic, and physical interventions. 66, 74, 93 The role of surgery in the treatment of painful neuroma remains controversial. 13, 22, 30 A wide variety of surgical techniques are described to treat painful neuroma. Studies of these techniques have been limited by small sample sizes and nonrandomized case series study designs; therefore, no definitive answer on the effectiveness of surgical management of neuroma pain exists.
The purpose of this meta-analysis was to identify and assess the available information on the outcomes of surgical treatment of painful neuromas. Our goals were to determine the overall effectiveness of surgery, determine whether certain surgical procedures are more effective than others, and perform confounding and bias analysis not previously possible because of the small patient numbers in most published studies.
Methods

Search strategy
In accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines, we sought to identify all clinical studies on surgical treatment of neuroma using a predesigned protocol for computerized literature search of the online databases Embase, Scopus, PubMed, Cochrane library, and ClinicalTrials.gov. 62 We conducted searches up until June 2015 without language restrictions. Search terms were MeSH headings, text words, and variations of the keywords or phrases: neuroma, pain, peripheral, extremity, operate, management, outcome, visual analogue scale (VAS), quality of life, and the Disabilities of the Arm, Shoulder, and Hand (DASH) questionnaire. 41 Titles and abstracts were reviewed and articles were retrieved if they seemed relevant or there was uncertainty.
Retrieved articles were assessed using the inclusion and exclusion criteria, and citation lists of retained articles were searched for relevant citations.
Study selection
Studies reporting the efficacy of the surgical treatment of painful neuromas were included in this meta-analysis. Studies of neuroma prevalence, primary prevention of neuroma, or mechanisms of painful neuroma formation were not included in our analysis. Studies reporting treatment of neuromas not in the extremities or specifically dealing with nerve compression and Morton's neuroma (a distinct clinical entity more akin to nerve compression) were excluded. Case-reports, nonsequential patient series, and studies only reported in abstract form were excluded to reduce selection bias within studies.
The primary outcome analyzed was the proportion of patients with meaningful reduction of pain. Outcomes reporting varied across studies and included patient satisfaction, surgeon examination, and ordinal pain scales such as the VAS. Therefore, we defined a meaningful reduction of pain as a pain score reduction of 3 or more, final visual analogue pain less than 4, or patient or surgeon report of meaningful improvement as defined in each study.
Data extraction and validity scoring
Two authors independently assembled the following information for each study: year of publication, period that surgeries were performed, surgical technique performed, outcome definition, age range of study population at the time of surgery, duration of pain symptoms prior to surgery, number of previous neuroma pain operations, affected extremity and nerve, and confounding variables (socioeconomic status, employment status, workman's compensation or other litigation, and smoking). Studies were grouped according to the surgical technique used. Surgical techniques were categorized as excision-only, excision and cap (with any device intended to stop regeneration), excision and transposition (surgical movement of the nerve from its native course into bone, muscle, or vein), excision and repair (direct or nerve graft repair), or neurolysis and coverage with transposed soft tissue (muscle, fascial, or adipose flap) ( Table 1) . Where disagreement among data extractors arose, adjudication was accomplished by a third reader and discussion among authors.
To assess the quality of information in each study, we developed a 15-point scoring technique modeled on the Downs and Black checklist for assessing methodological quality of nonrandomized studies (Appendix 1, available online as supplemental digital content at http://links.lww.com/PAIN/A506). 24 Specifically, we assessed the clarity of the surgery performed, the precision of the outcomes reported, whether information on potential confounders was reported, whether complications of bad outcomes were reported, and quality of bias analysis. Recognizing the limitations of quality scoring to account for bias among studies, 35, 40, 43 detailed data were collected on study characteristics thought most likely to bias study results, namely objectivity of the outcome reported, follow-up duration, the proportion of patients lost to follow up, and known confounders for successful relief of pain when available. Using this scale, a higher number equates with higher quality of information presented.
Statistical analysis
Raw categorical data from relevant studies were used to calculate proportions with 95% confidence intervals (CIs) of patients who experienced a meaningful reduction of pain. Individual proportions were combined by means of DerSimonian-Laird random-effects models, given the variety of surgical techniques, geographic locations, and patient populations among studies. 21, 65 A continuity correction of 0.1 was used for studies with a proportion of 0 or 1. Cochran Q and Higgins I 2 tests were used to assess heterogeneity among studies. Given the modest statistical power of these tests, we considered heterogeneity as significant if P , 0.1 or I 2 . 30%. We explored sources of heterogeneity with stratified analysis of group differences when significant heterogeneity was noted among studies for a confounder and when more than 15 studies reported the confounder of interest. Stratified analyses examining surgical group differences were performed for confounding variables. For studies with multiple surgical groups, confounding information for each surgical group was used when available. Otherwise, mean or median data from each study as a whole was applied to each group to allow categorization. Analysis of variance was performed using a Bonferroni correction to compare multiple groups.
Meta-regression was also used to explore sources of heterogeneity. After calculating the log odds ratio of patients with meaningful reduction of pain and standard error of the log odds ratio, a forward, step-wise meta-regression was performed with potential confounding variables as covariates. Confounders were considered significant in the model if they altered the b-coefficient for surgery type by more than 10%. 58 We assessed publication bias graphically using Hunter's method for creating funnel plots and formally tested funnel asymmetry using Peters' test. 42, 71 All statistical analyses were performed using StataIC 13 (StataCorp, College Station, TX) and the METAPROP, META-REG, and METAFUNNEL software packages.
Results
Sources
Our electronic literature search and review of bibliographies identified 1328 studies. After abstract review excluding duplications and studies not relevant to the subject of interest, 85 full-text studies were reviewed. After exclusion of studies not meeting the inclusion criteria, 54 studies reporting 74 treatment groups and results for 1381 patients were included in the final analysis (Fig. 1) .
The reviewed studies were conducted over a period of more than 30 years (1976-2015) , in 16 countries, reflecting a variety of medical practices and reporting techniques. Among the 54 included studies, 4 studies (7%) were conducted prospectively. Thirty-nine (72%) studies reported outcomes for a single surgical technique, 11 (20%) reported outcomes for 2 techniques, 3 (6%) presented 3 techniques, and 1 (2%) reported 4 techniques. In general, each technique correlated with a treatment group; however, 6 studies described multiple techniques that were categorized into the same treatment group. Excision and transposition was the most commonly reported technique for treating neuroma, with 34 studies (63%) including this group. Nineteen studies (35%) included an excision-only group, 11 studies (20%) included a neurolysis and coverage group, 10 studies (19%) included an excise and repair group, and 4 studies (7%) included an excise and cap group ( Table 1) .
Thirty-five studies (65%) reported treatment of neuromas in the upper extremity, 12 (22%) reported on lower extremity neuromas, and 6 (11%) reported on neuromas in both upper and lower extremities. One study (2%) did not specify neuroma location but did include intraoperative photographs of the upper extremities. Thirty-six studies (67%) reported results after treatment of www.painjournalonline.com 215 Table 1 Reports of outcomes studies of surgical treatment for painful neuroma. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , and the median duration of symptoms prior to surgery reported was 21 months (IQR: 10-41). The median percentage of patients who had one or more prior operations for neuroma pain among studies was 29% (IQR: 0-1).
Patient identification
Forty-eight studies (89%) reported clearly how they diagnosed neuromas in their patients. In all cases, the physical examination was the primary method of neuroma identification. Twenty-nine studies (54%) supplemented this with a diagnostic nerve block. Three studies (6%) also used an MRI or ultrasound to aid in diagnosis.
Outcomes reporting
Outcomes reporting and duration of follow-up varied widely across studies. Many studies reported numerous outcomes. Thirty-eight studies (70%) used a nonstandard ordinal scale such as no pain, mild pain, moderate pain, or severe pain as their primary outcome. Only 15 studies (28%) included a 10-point VAS to report pain, and only 8 (15%) used it as a primary outcome. Four studies (8%) used patient satisfaction as a primary outcome. Four studies (8%) reported a reduction in pain on physical examination or improved functional status as the primary outcome. One study (2%) reported only that all patients had complete pain relief and were able to return to normal activities. One study (2%) determined success of treatment from decreased use of analgesic pain medication.
Forty-four studies (81%) explicitly reported partial vs complete pain relief. Five studies (9%) reported scores on the DASH scale before and after treatment. Fifteen studies (28%) reported patient satisfaction. Most studies (40 of 54 [74%]) reported only mean follow-up duration rather than the timing of outcome assessment. Three studies (6%) reported only a follow-up range, and 2 studies (4%) reported minimum follow-up only. Only one study (2%) reported the exact time of outcome assessment.
Quality of studies
Among the 54 studies included, the quality of information reported was inconsistent, limiting our ability to analyze confounding variables as sources of heterogeneity. On a scale from 0 to 15, with 0 representing no important information presented and 15 representing most important information presented, the median score was 8.0 (IQR: 6.4-10.0). Studies consistently reported their aims, hypotheses, patient identification criteria, and surgical technique. Patient selection, outcomes assessment, and complications were rarely clearly reported.
Sources of confounding bias
Based on the literature review, we considered the following confounding variables important when assessing outcomes for treatment of painful neuromas: sex, age, duration of symptoms, timing of outcome assessment, number of prior neuroma pain operations, nerve involved, employment status, workers' compensation claims or pending litigation, smoking status, body mass index, and socioeconomic status. No study reported all of these variables and no study reported why or how confounders were selected. Among studies reporting confounders, only 9 studies (17%) considered confounding in their analysis.
Meaningful reduction of pain by surgery type
Among all studies, the proportion of patients with a meaningful reduction in pain was 77% (95% CI: [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] [83] . When stratified by the treatment group, there were no significant differences between treatment groups in the outcome of meaningful reduction in pain (P . 0.05). However, the excision and transposition group had the highest proportion of patients with a meaningful pain reduction (81% [95% CI: [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] ) and the most consistent results. Despite this, a large amount of heterogeneity was observed in all treatment groups, I 2 range 85.7% to 95.6% (Fig. 2) .
Stratified analyses
To tease out possible guidelines for future surgical treatment of neuromas, stratified analyses examining surgical group differences were performed for confounding variables. These included age, follow-up duration, symptom duration prior to definitive neuroma surgery, proportion of patients with 1 or more prior neuroma pain surgeries, neuroma location, affected nerve caliber (major nerve vs cutaneous nerve), primary outcome, study quality, and study publication year. Study groups were categorized according to the mean symptom duration reported prior to neuroma surgery into: duration less than 12 months, duration of 12 to 23 months, duration greater than 24 months, and not reported. Study groups were categorized according to the proportion of patients who had one or more surgeries for neuroma pain prior to the reported surgery (0%-15%, 16%-30%, 31%-45%, 46%-60%, and greater than 60%). Among studies with greater than 60% patients with one or more prior surgeries specifically for neuroma pain, excision and transposition (78% patients improved [95% CI: 0.66-0.90]) and neurolysis and coverage (96% patients improved [95% CI: 0.90-1.00]) were significantly better than excision-only (30% patients improved [95% CI: 0.02-0.59]), P , 0.05 for both comparisons. No significant differences were seen between surgery types in groups with less than 60% patients with one or more prior operations for pain. No significant differences in the proportion of patients with a meaningful pain reduction among study groups were seen regardless of age, follow-up duration, location (upper vs lower extremity), affected nerve caliber, primary outcome used, study quality, or publication year.
Regression analysis
Meta-regression was performed to examine for confounding effects of mean age, mean follow-up duration, mean symptom duration, proportion of patients with one or more prior operations, nerve caliber, and primary outcome reported. Within the multiple regression models, the primary outcome reported, mean patient age, and proportion of patients with 1 or more prior operations altered the effect estimate of surgery type on proportion of patients with meaningful improvement after neuroma surgery by more than 10%, suggesting that these factors do confound treatment effect.
Bias analysis
Funnel plot analysis of study groups was symmetric, suggesting that there was no publication bias among studies (Appendix 2, available online as supplemental digital content at http://links. lww.com/PAIN/A506). Peters' test for publication bias confirmed these results (P 5 0.24).
Discussion
A wide variety of surgical techniques are described in the literature to treat painful neuroma. Thus, the goal of this meta-analysis of 54 studies reporting outcomes after surgical treatment of painful neuromas was to evaluate surgical effectiveness, establish a hierarchy of effective techniques, and delve into the impact of confounders on effective surgical treatment. When evaluating the studies that met the inclusion criteria, our data demonstrate that clinically meaningful improvement of pain can be achieved with surgical intervention. However, the most effective surgical technique was not elucidated, as we found no significant differences between the various surgical techniques. Further, the overall quality of most of the studies reviewed was low and excitement for these results must be tempered.
Despite the low quality of most of the studies, the large number of studies, surgical groups, and patients included in this meta- analysis allowed for exploration of the role of confounding variables on neuroma surgery outcomes. There was no evidence of publication bias, suggesting that the reported outcomes are reliable. Our categorization schema and subdividing patients into surgical groups by technique is a reflection of the surgical literature, descriptions, and experience. This meta-analysis cannot assess if our categorization schema by technique was meaningful and this is a limitation to the study. Subtle differences in technique are not well addressed with a meta-analysis and would require a well-designed trial to flush out. Therefore, we recommend ongoing thoughtful analysis of outcomes and technique by surgeons in conjunction with pain specialists. Overall, our data suggest that most patients with a painful neuroma deemed appropriate surgical candidates by the surgeon will have a meaningful decrease in pain with surgical intervention and that in appropriately selected cases, the dogma that "operating for pain will only result in more pain" may not apply. 12, 13, 67 No information is included about patients with painful neuromas that were not offered surgery. Therefore, any conclusions about the effectiveness of surgery have to be limited to patients deemed appropriate for surgical management, ie, indicated for surgery by the surgeon. We believe that patient selection and careful attention to correct diagnosis is the key to successful outcomes.
When evaluating patients with painful neuromas, it is essential to distinguish between neuropathic pain because of compression neuropathy, direct nerve injury, or both, bearing in mind the distinct possibility of an associated double-crush phenomenon. 90, 94 Surgical treatment will vary significantly for compression and neurotmetic injury. 15, 69 The distinction requires a detailed history and physical examination. Identifying the appropriate nerve(s) involved in pain generation is critical, especially considering overlap of nerve dermatomes and frequent plexus formation between cutaneous nerves. 23, 54, 79 The importance of active patient participation in correct diagnosis cannot be overemphasized. 32 Further, a multidisciplinary approach to these patients with pain is essential. We recommend the involvement of pain management specialists, physical therapists, and psychological therapists in coming to the diagnosis and decision for surgical intervention. In our experience, misdiagnosis coupled with surgery can make a patient's pain worse.
Stratified analyses revealed 2 interesting findings. The first was that excision of a neuroma and transposition of the distal nerve end into muscle, bone, or vein or neurolysis of a neuroma and coverage with healthy vascularized tissue were superior to excision-only or excision and capping in patients who had neuroma pain for more than 2 years and in patients who had more than one previous surgery specifically to deal with neuroma pain. Why these procedures are superior in these patient populations cannot be answered by this meta-analysis and deserves further study. However, these populations are believed to be the most recalcitrant to surgical treatment because of centralization of their pain. 20, 30 Therefore, because of their severity, these groups may allow the best evaluation of the surgical treatments.
Numerous authors have suggested that the microenvironment can affect painful neuroma formation. 33, 45, 72, 96 Placing the cut nerve end into muscle is shown to decrease neuroma size and myofibroblast infiltration, potentially decreasing pain signaling. 57, 95 Placing the cut nerve end deep within a muscle or under a vascularized flap also protects it from external stimuli and blocks axon regeneration to the skin. 50, 57 Skin may serve as both a mechanical and biological irritant, especially in an inflamed, multiply operated wound bed. 61, 70 Other mechanical irritants should also be carefully observed by limiting tension and motion on the cut nerve end. 20 Our clinical experience with vascularized tissue coverage of a neuroma has not been positive unless the source of neuroma pain is addressed with neuroma excision or neuroma excision and repair. 88 The results of this study are consistent with previously published work stating that 20% to 30% of neuromas will be refractory to treatment, regardless of the type of surgery performed. 36, 64 Initial results can be misleading, and reoperation rates as high as 65% have been reported in some studies. 36, 37, 52 Unfortunately, reoperation rates can be difficult to track and were rarely reported in the included studies. Studies also suggest that neuroma location or size can affect outcomes. 20, 31, 36 In this study, neuroma location in the lower vs upper extremity made no difference. Neuroma size was rarely reported, which precluded a meaningful interpretation of its impact.
As with all systematic reviews and meta-analyses, our ability to draw conclusions is limited by the quality of information in the primary studies included. Studies only reported a median of 8, out of 15 possible, key factors pertinent to patient outcome. All studies failed to include at least one important factor, and most studies failed to report or perform any bias analysis with their results. Although included data were sufficient to perform stratified and multivariate regression analysis, our inability to detect significant differences among treatment groups does not confirm equivalence of these techniques. Rather, this lack of difference is likely an indication of the granularity of our data and heterogeneity in outcomes and confounding variables reporting among studies.
Therefore, one of the major conclusions of this study that is we must improve the quality of data reporting in the literature to improve the acceptance and validity of surgical treatment for painful neuromas. In particular, studies need to include clear descriptions of how a neuroma is diagnosed, clear inclusion and exclusion criteria, and data about confounders such as age, ethnicity, smoking status, socioeconomic status, employment status, and litigation or workers' compensation claims. These data should include precision estimates and not just ranges. Similarly, outcomes reporting should be standardized. We suggest using a pre-and post-operative VAS in conjunction with a pain diagram and list of pain adjectives. We use a standardized pain assessment sheet at every visit (Appendix 3, available online as supplemental digital content at http://links.lww.com/PAIN/ A506). It is essential that future studies collect long-term followup data on patients and include nonbiased reporting of reoperative rates and treatment failures.
Conclusions
Surgical management of painful neuromas led to clinically meaningful improvement of pain in approximately 77% of cases regardless of surgical technique used. Although no technique proved to be clearly superior, these data demonstrate that surgical intervention should be considered in the treatment algorithm for patients suffering from painful neuroma refractory to medical management. Future studies evaluating the surgical treatment of neuroma, or those comparing surgical techniques, need to be careful to define their treatment, outcomes, inclusion/ exclusion criteria, and should account for confounding variables to provide meaningful data and to facilitate the evidence-based treatment of our patients with painful neuromas.
